This study aims on antibacterial and corrosion characterization of a complex ceramic coating based on titania (TiO 2 ) nanotubes, hydroxyapatite (HA) and single walled carbon nanotubes (SWCNTs), in physiological environment. Hybrid materials structure was identified by Fourier transformed infrared spectroscopy (FTIR) and their surface analysed by scanning electron microscopy (SEM) and contact angle analysis. The most hydrophilic sample was the one with TiO 2 -HA coating. The electrochemical behavior of materials has been investigated in Ringer solution performing potentiodiynamic polarization and electrochemical impedance spectroscopy. Antibacterial properties of coatings were determined by contact method using two types of strains, one of them Staphylococus aureus (S. aureus) is a positive gram bacteria and another one Pseudomonas aureoginosa (P. aureoginosa) a negative gram bacteria. The corrosion rates are in the perfect stable domain of corrosion resistance and no breakdown phenomena were observed. A range of stability in tested bioliquid has been established from electrochemical and ICP-MS measurements. TiO 2 -HA-SWCNTs coating has the best corrosion resistance and the best barrier properties for ions release. Antibacterial effect of TiO 2 -HA-SWCNTs coating seems to be synergistic being higher compared to TiO 2 nanotubes and TiO 2 -HA coating.
The corrosion of coated and uncoated titanium and its alloys in bioliquids was subject of a large number of papers [1] [2] [3] . One of the most studied ceramic coatings with diversified biomedical applications is hydroxyapatite (HA, Ca 10 (PO 4 ) 6 (OH) 2 ) with the ratio of Ca/P of 1.67, the major mineral component of the bone, being also the cheapest solution for bone grafts, maxillofacial surgeries, dentistry bone defects repair in orthopaedic interventions [4] . Bone consists of an organic phase -collagen up to 30 wt%, an inorganic phase almost 70 wt% and around 10 wt% of water [5] . The bare hydroxyapatite has own important properties, such as: low weight, tensile and fatigue strength [6] , no side effects on human organism [7] and bioactive properties. It has the capability to form strong chemical bonds with surrounding bone living tissues [8] , has osteogenic potential to promote bone growth and to promote metallic implant integration with host bone. The hydroxyapatite can be obtained by different methods: from natural sources or via chemical synthesis [9] .
However, despite all the merits of hydroxyapatite regarding chemical and phase composition which is a strong recommendation as a biocompatible ceramic material, its mechanical low strength is a major disadvantage. The intrinsec brittleness and low wear resistance of hydroxyapatite do not allow the use of it in long term implant applications. A solution to this problem is a second phase material reinforcement. A possibility mentioned in the literature should be the biodegradable polymers [10] and other possibilities are the reinforcement with zirconia [11] , glass [12] or carbon structures [13] . The carbon structures as nanotubes present significant antibacterial effect [14] and are very promissing in various hybrid combination.
The carbon nanotubes (CNTs) are the most organised known structure of carbon fiber [15] . There exists three common types of carbon nanotubes: single walled nanotubes (SWCNTs), multiwalled nanotubes (MWCNTs) and carbon nanofibres [16] . Carbon nanotubes materials are used in electronics to enhance fibber composites and in medicine applications for drug delivery systems, due to their remarkable properties: mechanical strength, flexibility, high aspect ratio [17] , thermal conductivities [18] and low density. The combination of all these unique properties in one material has increased the interest in deploying CNT in a novel ceramic composite system [17] .
CNTs have poor dissolution properties that restricts their applications [19] . The nanotubes are held together in bundles by van der Waals forces, but the improved properties of carbon nanotubes could be achieved when CNTs are dispersed in liquid media. CNT dispersion could be a covalent or a noncovalent functionalization. The noncovalent preserves the sp 2 carbon network structure permiting the adsorption of different biomolecules or metallic nanoparticles onto their surface [20] .
Having very good mechanical properties as well as corrosion and biological improved properties, the aligned carbon nanotubes containing scaffolds for neural tissue regeneration have been proposed recently for new biomedical applications [21] .
Nowadays, we have two principally types of orthopedic biomaterials: implants and scaffolds for tissue regeneration [22] . Titanium and its alloys are the most common used as metal substrate for HA coating, because they have similar mechanichal properties to bones and excellent corrosion resistance [23] . In order to help achieving the necessar y qualities in bone implant bonding and implantation longevity for a new bioactive implant with better and safer exploitation the carbon nanotubes were used to improve their bond with the substrate [24] . The results obtained with MWCNTs [25] present clearly the enhancement of properties, but the investigations on SWCNTs need more experiments. Up to date, most of the earlier works have utilized the incorporation of one or two components altering the surface of Ti by changing the film native TiO 2 and successfully electrodeposited HA and SWCNTs-HA on the material having TiO 2 nanotubes on the surface [26] .
The present work aims and its novelty as well is to investigate the preparation, antibacterial effect and corrosion resistance of a new complex hybrid material based on three components, as TiO 2 nanotubes, hydroxyapatite, and functionalized carbon nanotubes with carboxyl groups (SWCNTs-COOH). The use of functionalised carbon nanotubes reveals the enhancement of their properties [27] , especially the antibacterial effect which is a need in our days when bacteria are stronger and stronger and their inactivation on various surfaces is important for biosafety and public health. Electrochemical stability of the new coating was tested in Ringer solution and established by open-circuit potential (OCP), potentiodynamic polarization tests Tafel plots and electrochemical impedance spectroscopy (EIS). Surface energy and ion release determinations in conection with antibacterial activity and hemocompatibility tests have permitted a discussion about bioperformance of the proposed new coating.
Experimental part
We used the folowing materials: SWCNTs, with diameter about 20-40 nm and length of 0.1-10µm (from Sigma Aldrich, 90% purity) titanium plates 99,7% purity (2mm tickness), H 2 SO 4 , HNO 3 , NH 4 H 2 PO 4 and Ca(NO 3 ) 2 ·4H 2 O reagents (from Sigma Aldrich).
The nanotubes functionalization was performed in an aqueous mixture of H 2 SO 4 :HNO 3 of 2:3 (V:V), for 8 h at 50°C under ultrasonication. The samples were afterwards washed with distilled water and dried at 50°C for 12 h.
The titanium samples were anodised to obtain TiO 2 nanotube for 2 h, at 20V, in an aqueous electrolyte containing NH 4 F and ethylene glycol [28] . The electrochemical setup was a two-electrode system with Ti as working electrode and Pt as counter electrode.
For the electrochemical deposition of SWCNTs-HA on TiO 2 nanotubes we used the polarization method for 120 min at -1.4 V vs Ag/AgCl as a reference electrode; the aqueous suspensions contained 1 g/L SWCNT-COOH, 9.91 g/L Ca(NO 3 ) 2 · 4H 2 O and 2.875 g/L NH 4 H 2 PO 4 . The cell was placed on a heating and stirring electric stove, at 80 o C. The obtained samples were washed after electrodeposition process with distilled water.
TiO 2 -HA coatings were obtained using the procedure described above the only difference was that the electrolyte with calcium nitrate and ammonium hypophosphate did not contain carbon nanotubes.
FT-IR spectra were recorded by using a Spectrum 100 Series FT-IR spectrometer from Perkin Elmer in the range 4000-400 cm -1 . The hydrophilic/hydrophobic behaviour of TiO 2 , TiO 2 -HA and TiO 2 -HA-SWCNTs materials was investigated using static contact angle measurements, which were performed using 100 Optical Contact Angle Meter -CAM 100, at room temperature. In order to perform this analysis we used distilled water. The nanotubes surface synthesized via anodic oxidation was studied using a scanning electron microscope (SEM), Hitachi SU 8230, equipped with an EDS Oxford detector analyzer. The investigation consisted in conducting secondary electron image in order to observe the morphology of deposits and also EDS analysis to determine the chemical composition of the obtained layers.
A three-electrode cell configuration consisting of our obtained composite as working electrode, a Pt wire as counter electrode and Ag/AgCl as reference electrode was used for electrochemical experiments in Ringer solution (8.6 g/L NaCl, 0.3 g/L KCl, and 0.48 g/L CaCl 2 ). The equipment utilized was Autolab PGSTAT 302N potentiostat/ galvanostat with NOVA 10 software. Open circuit potential (OCP) measurements were carried out for short time in order to monitor the potential-time behavior of the electrodes. Potentiodynamic polarizations were conducted in a potential range from -0.25 V to 1 V vs. OCP with a scan rate of 2 mV s -1 after immersing the samples in solutions for 30 min. Electrochemical Impedance Spectroscopy (EIS) measurements were carried out at OCP. Impedance measurements were performed from 10 -2 to 10 5 Hz with an ac amplitude of ± 10 mV. The impedance data were analysed with the Zview 2.70 software package and fitted to the corresponding equivalent electrical circuit. Tafel plots were registered between ±300 mV vs free potential at a scan rate of 2 mV s -1 and corrosion parameters such as j corr -current density, E corr -corrosion potential, R p -polarization resistance and v corr -corrosion rate, were evaluated.
The evolution of titanium ions release in time was measured with an inductively plasma mass spectrometer (ICP-MS) equipment Perkin Elmer ELAN DRC-e in the working conditions presented in another work [29] . The antibacterial effect was determined using an UV-Vis Jenway Spectrophotometer, for determination optical density at 600 nm corresponding to the blank, the sample in infected media (T 0 and T 1 at initial time and 24 h) and positive control (C 0 and C 1 at initial time and 24 h). The following equation (1) [30] was applied: (1) This equation permits the determination of the growth inhibition index I % of a negative gram bacteria as P. aeruginosa (ATCC 27853) and a positive gram bacteria as S. aureus (ATCC 25923) respectively. P. aeruginosa is a well known motile bacteria used as a model microorganism for investigation of chemotactic behaviors in ecosystem and it is responsable for necrosys and osteomelitys [31] . S. Aureus, which is responsible for osteomelitys, was regarded long time as a non-motile organism, but recently [32] it has been shown that it can move across agar surfaces.
According to the procedure described in literature [33] the coating samples were rinsed with distilled water and sterilized at 180°C for 2h, before the antibacterial assay. The concentration was fixed at 0.5 McFarland units measured with a McFarland densitometer. The amount of infected medium added in each sample was 10 mL and took place before incubation at 37°C, for 24h. The blank was represented by saline solution and the positive control was represented by the infected medium without samples, and both of them were kept in the same conditions.
The red cells (RBCs called erytrocytes) have extremely fragile membrane and their destruction followed by cell lysis or aggregation of platelets, have to be investigated in order to see if a material is hemocompatible. We used smear observation to assess the damage caused to the RBC membranes and platelets after exposure of blood to these biomaterials. The blood was collected in sterile condition by veinipunture on EDTA vacuum tubes from a healthy donor, that signed an informed consent regarding the confidentiality data and the use of remainig biological fluid in scientific purpose. Four smears were prepared, one before blood-material interaction and the other three after 30 minutes contact with the samples at 37°C. As staining method for the smears we used the panoptic method [34] of Pappenheim using May-Grunwald-Giemsa stain. A microscope Olympus was used for smear observation. We placed 200 µL of anticoagulated blood on the samples in a Petri dish surrounded with wet cotton pieces, in order to avoid the cells degradation due to dehydration.
Results and discussions
Electrodeposition of coatings 1 can be attributed to carbonyl C=O groups, while the band around 1117 cm -1 can be assigned to C-O groups [35] .
SEM analysis
In figure 3 are presented SEM micrographs and EDS spectra for all deposits; for TiO 2 sample we can observe the morphology of TiO 2 nanotubes. For this coating sample the TiO 2 nanotubes are arranged on strings, with nanotubes diameter between 10-30 nm. EDS spectra were used to show the obtained titanium and oxygen peaks. For TiO 2 -HA-SWCNTs sample, the Ca/P deposition ratio is 1.27. The EDS spectra proved the presence of Ti, Ca, P and C peaks. The calcium phosphates groups have platelet and needlelike forms. The diameters of needles are between 50-100 nm and platelet shape width is almost 300 nm. The length both formations length is between 0.2 and 5 µm. Regarding TiO 2 -HA sample, the EDS spectra showed Ti, Ca and P peaks. The Ca/P deposition ratio is 1.30, a little higher that for the second sample. We can notice needle shapes with the thickness between 0.1-0.2 µm and platelet shape with the width between 0.3 -0.8 µm. For both shapes the length is less than 5 µm. Table 1 summarizes the appearance of C element in TiO 2 -HA-SWCNTs sample, which is due the SWCNTs-COOH incorporated into HA matrix.
Contact angle determinations
The contact angle values are represented in table 2 together with the surface energy values evaluated from the surface energy ξ which was computed using equation (2) . ξ = γ cosθ, (2) where θ is the contact angle and γ = 72.8 mN·m In figure 1 it can be observed an approximate 1 mA/cm 2 difference in the transitory current density of HA and SWCNTs-HA onto TiO 2 on titanium plates which is possibly due to the insulator character of HA vs. the conductive character of SWCNTs composite. During the electrodeposition of hybrid coating we could notice the signal division in two parts: a rapid current increase due to the new active sites deposition, and finally a constant current behaviour due to the growing processes on titanium surface.
Surface characterisation
The structure surfaces of samples were identified by using FT-IR spectroscopy. Figure 2 represents the spectra for both TiO 2 -HA and TiO 2 -HA-SWCNT S samples. These spectra confirmed the formation of apatite phase in all coatings. The bands at around 986 cm -1 and 1056 cm -1 correspond to the stretching and wagging vibrations of the PO 4 3-group, and the bands at around 3474 cm -1 correspond to the OH -bands. The stretching vibration of carbonate band was observed at 1646 cm -1 . In the region of 2395 cm -1 the stretching vibration of the adsorbed carbon dioxide is present [25] . The functionalization of SWCNT S forming the -COOH groups on their surface deternines the development a specific peaks. The band around 1641 cm (1) and SWCNTs (2) onto TiO 2 coating on titanium substrate [25] it is worth to mention that in the present case the hydrophilic character of TiO 2 -HA-SWCNT S is much stronger, the contact angle being pretty close to the value for TiO 2 -HA. The surface energy of TiO 2 -HA-SWCNTs has a close value as for TiO 2 -HA, as well.
Electrochemical behaviour of samples in Ringer solution
In all cases, the initial OCP value shifts continuously towards the positive direction of potential, first with a faster rate and then slowly until it reaches an almost quasistationary state. For reaching the steady state for the titanium coated with TiO 2 180 min time is requiered whereas, for titanium coated with TiO 2 -HA this time is 105 min, and for Ti coated with TiO 2 -HA-SWCNT S only 30 min was necessary. The values of potential for the samples at steady state were: -0.25, -0.05 and +0.095 V/AgCl respectively. Nevertheless, all these potentials are found in the stability region of TiO 2 oxide in the Ti-H 2 O Pourbaix diagram for aqueous solutions of pH 5.5 [39] . Figure 4 presents the potentiodynamic polarization curves in a narrow range of potentials from all samples in c) SEM micrographic surface and EDS spectra for sample TiO 2 -HA sample The EIS data were fitted by using a simple Randles equivalent circuit (R S (Rb CPE)) drawn in figure 7 . In this circuit, R S is designated as the Ringer solution resistance between the working and the reference electrode and Rb is the resistance of the barier layer and. A constant phase element (CPE) is used instead of pure capacitor to consider the non-uniform current distribution due to surface roughness and non-homogeneities [38] . The electrochemical characterization of titanium in contact with simulated body fluid under infection conditions was discussed in [39] . The impedance of a constant phase element (Z CPE ) is: (3) In equation (3) n c is an exponent related to deviation between real capacitance and pure capacitance, Y 0 is the general admittance function, and ω represents the angular frequency.
Ringer solution at 37 o C. From the diagram it can be noticed that the TiO 2 -HA-SWCNT S material has the best corrosion resistance in this case, due to the smallest values of the current density (j corr ). Table 3 shows the determined values of corrosion potential (E corr ), corrosion current (j corr ), polarisation resistance and corrosion rate expressed in mm/year.
The cathodic polarization behaviour of samples was similar meaning that the cathodic behaviour is due to reduction of oxygen. A breakdown potential was not detected for any of the samples up to 1 V. It can be noted that the passive current density of samples decreased in the following order: TiO 2 > TiO 2 -HA > TiO 2 -HA-SWCNT S . This is evidence that the complex coating (TiO 2 -HA-SWCNT S ) induces an increased stability of the sample. Also, for the samples covered with TiO 2 -HA-SWCNT S the passive domain started at a lower current density (about 10 -8 A cm -2 ) compared to samples covered with TiO 2 -HA, or TiO 2 (about10 -7 Acm -2 for both) 
ICP-MS determinations
The evolution of titanium ion release in time from samples immersed in Ringer solution for 3 h is presented in table 5. As can be seen from this table the amount of released Ti is much smaller for the sample with the complex coatings indicating that the coatings act as a barrier inhibiting the ion release.
Antibacterial effect and hemocompatibility test
In table 6 the bacteria growth inhibition rate for the three samples is presented. As can be seen TiO 2 nanotubes, which are known for their effect of increasing biocompatibility, have the smallest action on bacteria inhibition for both tested strains. The inhibition values which are close to each other are a bit higher for S. aureus compared to P. aeroruginosa. For the coatings with TiO 2 -HA and TiO 2 -HA-SWCNTs the inhibitions are much higher, the most significant being for the sample with SWCNTs well known for their toxicity [35] .
Regarding antibacterial mechanism of action it is to mention the general mechanism [36, 37] with two stages as following: an instantaneous and physical reversible The impedance modulus data ( fig. 5 ) for all samples was independent of frequency from 10 4 to 10 3 Hz. In this frequency range the system showed a resistive behaviour corresponding to the solution resistance between the working and reference electrode. The phase angle values reached the maximum value (-80 0 ) for the samples covered with TiO 2 -HA-SWCNT S at a frequency range from 800 to 0.1 Hz. In this frequency range the sample showed a capacitive behaviour. For the frequency range in which the phase angle values were independent of frequency while the impedance modulus values were increasing, the samples show a passive behavior. When the impedance increased, the phase angle shifted to the lower values by decreasing the frequency from 0.1 to 0.01 Hz.
The impedance can be characterized by a large semicircle capacitive loop and the Nyquist curves showed a one-time constant (fig. 6) .
phase, and a time-dependent irreversible molecular and cellular second phase. At the contact with a support as tissue, a competition between microbial colonization and tissue integration is taking place.
Accordig to literature [37, 38] the materials with surface energies higher that 30 mN· m -1 tend to present a greater bioadhesion. Our samples have values higher than 30 mN·m -1 presenting significant bioadhesion. As it is well known, the gram-positive bacteria were much more difficult to destroy, due to the more complicated cell wall structure consisting of several layers of peptidoglycan which are thicker as compared to gram-negative bacteria where their cell wall is composed of a single peptidoglycan layer [40] [41] [42] .
Motility being a key characteristic for bacteria behavior in biofilm formation and host colonization, the difference in motility of S. aureus (which has a more passive motility, but presents spreading and even gliding) compared to P. aeroruginosa could be a reason for the difference in inhibition values. SWCNTs possess important antimicrobial properties [14, 41] even in small amounts, due to the efficient contact with the surface of bacteria cell by hydrophobic interactions, resulting in perturbation of bacterial cell integrity and then cell membrane damage. Cell membrane damage resulting from direct contact with SWCNTs is the likely mechanism, leading to bacterial cell death [43, 44] . The mechanism of antimicrobial activity of SWCNTs is associated also with their dimensions, which influence piercing and wrapping on the lysis of bacterial walls, inducing release of DNA and RNA and leading to destruction of microorganism [45] [46] [47] [48] .
Regarding hemocompatibility aspect, the blood is the most important body fluid contacting with implantable devices, so its compatibility is of crucial importance in all clinical invasive procedures. As can be seen in figure 8 with blood smears before contact with samples (a, b and c) and after contact figure 8 (d, e and f) the red blood cells membranes remained intact and no signs of hemolysis or dramatic modification of cells shape were seen after incubation. Also for platelets, no signs of aggregations occurred in all three cases. The RBCs on treated samples with TiO 2 -HA and TiO 2 -HA-SWCNT S look almost similar to figure 9 a. Such fact is due probably to the values of contact angle close to each other.
Blood compatibility ofbiomaterials is influenced by both surface chemistry and topography. Recently, with the development in nanotechnology, the nanomaterials for bioapplications were developed and the important role of wettability was more investigated. Such approach and results are in accordance with those obtained in the present study. 
Conclusions
Biofilm embedded bacterial pathogens, such as S. aureus and P. aeruginosa, are major sources of bacterial infections and more and more difficult to be eradicated. Investigation from this paper could be useful for development future coatings able to prevent infections. On this research we studied the antibacterial effect and corrosion of a new composite TiO 2 -HA-SWCNTs versus TiO 2 -HA obtained by electrodeposition and versus TiO 2 . The samples structures were identified using FTIR analysis. From the corrosion tests in Ringer solution and ICP-MS determinations we demonstrated that TiO 2 -HA-SWCNTs material has the best corrosion resistance and barrier properties for ions release. This coating has the most significant index of bacteria inhibition for both tested bacteria S. aureus and P. aeruginosa. The best stability in bioliquids and best antibacterial effect recommend such coating for bioapplications in medicine and biotechnology.
